We evaluate the charge carrier transmission across asymmetric grain boundaries (GB) in a graphene lattice within the Landauer-Büttiker formalism. We employ a tight-binding model for C-based materials that accounts for lattice strain introduced by topological defects, such as grain boundaries. In particular, we investigate electronic transmission across grain boundaries found to be stable up to high temperatures. Our calculations suggest that the introduction of GBs generally preserves the zero-transport gap property of pristine graphene. However, only some specific asymmetric GBs open a moderate transport gap, which can be as high as ≈ 1.15 eV . We find that the GBs that introduce a transport gap are characterized by the existence of a mismatch along the GB. Indeed, the magnitude of this mismatch appears to be the main structural variable that determines the transport gap size, with greater mismatch resulting in larger transport gaps. Finally, we find that the presence of GBs reduces considerably electron transmission, and less so hole transmission.
Introduction
Owing to its high thermal mobility, above 4000 W/mK [1] , its high electronic conductivity, above 15000 cm 2 /Vs [2] , its low mass density, 0.77mg/m 2 , and its high breaking strength [3] , graphene has elicited interest as a possible replacement for silicon in next-generation flexible electronic devices [4, 5] . How-5 ever, pristine graphene has a zero band gap [6] , which eliminates it right off as a candidate semiconductor material. For instance, thermoelectronic applications typically require semiconductor materials with band gaps in the range of 0.1eV and 0.4eV, whereas in photovoltaic applications the required band gap ranges from 1eV to 1.5eV [7] . Another important property of semiconductor materi-10 als is tunability, which enables them to cover a wider range of band gaps and greatly increases their range of application.
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A number of approaches have been proposed for opening the desired band gaps in graphene, e. g., strain [8, 9, 10] , armchair nanoribbon configurations [11] , doping [12, 13, 14] and engineered topological defects such as Stone-Wales de- 15 fects, dislocations or grain boundaries [15, 16, 17] . Experimental and theoretical work [16, 18, 19, 7] has shown that the presence of randomly-distributed point defects modifies the electronic band structure only locally and results in a negligible band gap. By contrast, grain boundaries have been shown to introduce substantial transport gaps [15, 17] .
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Based on the momentum conservation principle, a theory of charge carrier transmission through GBs in graphene has been introduced by [15] . As a main result, they have distinguished two types of GBs, depending on the translation vector between the lattices on both sides of the grain boundary. These two types of GBs exhibit opposed behaviors, high transparency or perfect reflection 25 with respect to charge carriers across GBs in a range of energies that can be quantified through a formula and is expressed in terms of the GB periodic vector. Furthermore, this theory was validated by the same authors using the Density Functional Theory (DFT) and the non-equilibrium Green's function (NEGF) formalism. Similarly, [17] found that the transport gap not only depends on 30 the translation vector's relationship and the periodic length along the grain boundary, but also on the topology of the grain boundary.
In this work, in order to study the charge carrier transmission across GBs, we set forth a different approach which is based on the application of the LandauerBüttiker (LB) formalism [20, 21, 22] in combination with a tight-binding (TB) 35 model [23] , allowing to account for the lattice strain introduced by the presence of grain boundaries within the graphene crystal. The LB formalism is based on coherent transport, i. e., only elastic scattering events are considered, whereas inelastic scattering events are assumed negligible. Previously, this computational framework has been widely used to investigate the electronic transport 40 on different C-based materials, such as nanotubes, nanoribbons, among others. For instance, [24] studied the conductance of zig-zag and armchair nanoribbons including the presence of single defects and weak disorder at their edges; [25] investigated the effects of nanoconstrictions on the coherent transport in nanoribbons with zig-zag edges.
In contrast to the computational strategy adopted in this paper, the NEGF formalism [20] provides a general framework for the description of quantum transport with or without inelastic scattering events. However, it involves a substantial increase on the computational cost and complexity of the formulation, resulting in a consequent loss of computational efficiency. In the absence 50 of inelastic interactions, both formalisms are equivalent. In this paper, we will show that the LB-TB model provides a fair compromise between accuracy and computational cost, and therefore, can be applied to situations which involve large number of atoms.
This work is organized as follows: in Section 2, we present different stable 55 asymmetric grain boundaries; in Section 3, we introduce the Landauer-Büttiker formalism based on a tight-binding model; and in Section 4, based on this formalism, we will investigate the charge carrier transmission across GBs in graphene monolayers. General conclusions are summarized in Section 5 by way of closing.
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Grain boundary structures in graphene
Engineered grain boundaries in 2D materials such as graphene provide an avenue for the design of materials with desirable properties, including transport gaps in applications to microelectronics. During the manufacturing process of graphene monolayers, meandering configurations of grain boundaries are formed 65 spontaneously. In contrast to these unstructured and uncontrolled grain boundaries, here we focus on special grain boundaries that exhibit a regular and periodic structure in the form of regular arrays of point defects. In previous work, the authors have assessed the thermal stability of various grain boundary structures in graphene [26, 27] , including symmetric and asymmetric configurations.
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Here we focus specifically on asymmetric grain boundaries since they have the strongest influence on electronic properties. The orientations of two graphene grains, designated a and b, abutting on a grain boundary are determined by two in-plane angles θ a and θ b , Fig. 1 . We adopt the convention that θ vanishes when the zig-zag direction of the graphene 75 lattice coincides with the x-axis, Fig. 1 . When θ a = θ b the GB is symmetric, otherwise asymmetric. Symmetric GBs are fully characterized by their misorientation angle θ = θ a + θ b . By contrast, asymmetric GBs have two independent degrees of freedom, θ a and θ b . Additionally, since we restrict attention to GBs consisting of a periodic array of dislocations [28] , the GBs can also be described and d b remains small. Thus, H indicates the height of the computational cell, which is chosen to render the simulation computationally tractable while keeping the outlined boundary and geometric conditions. The length of the grains projected on the x-direction, L a and L b , respectively, are chosen so as to ensure periodicity.
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We begin by characterizing the stability of periodic GB configurations and analyzing their geometries and formation energies. To this end, we perform calculations using SNL's Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), together with the AIREBO potential [29] . In the calculations, M A N U S C R I P T Table 1 : Geometric properties and formation energies of grain boundaries in polycrystalline graphene monolayers. we bring two grains in contact and allow the resulting GB to relax in the NVT 95 ensemble at a temperature ∼ 0K, followed by relaxation in the NPT ensemble under zero in-plane presssure. Thus, the number of atoms in the supercells ranges from 380 atoms for GB (2,2)|(1,3), to 2,886 atoms for GB (0,5)|(3,3)-2. Table 1 summarizes geometric properties and formation energies per unit length for the grain boundary configurations that are further investigated in 100 Section 4. The list encompasses asymmetric GBs with misorientation angles ranging from 16.1
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• to 38.2
• . All GBs under consideration have similar formation energies of the order of 0.5 eV/Å. Table 1 and Fig. 6 further compare our calculated formation energies with those obtained in earlier works [28, 30] . As may be seen, all calculated formation energies are in general overall good 105 agreement, which provides a measure of verification.
The calculated equilibrium GB structures are shown in Figs. 2 and 3. We observe that configurations, (0,5)|(3,3) and (6,0)|(4,3), with misorientation angles 30
• and 34.7
• , respectively, present several isomers consisting of different arrangements of pentagons and heptagons, Fig. 3 . In addition, the two isomers 110 of GB (0,5)|(3,3) have substantially different repeat lengths, in contrast to the three isomers of GB (0,5)|(3,3), which have similar repeat lengths. Remarkably, whereas these GB structures remain stable at finite temperature, out-of-plane warping localized at the 5-7 rings is observed starting at very low temperatures (see Fig. 4 ). The amplitude of the warping is in keeping 115 with previous studies [28] . Moreover, when supercells of sufficient GB length are fully relaxed, the graphene layer develops a secondary wrinkled structure of larger periodicity than that the GB dislocations (Fig. 5) . We return to the consequences of these wrinkled structure on transport properties in Section 4. The Landauer-Büttiker formalism supplies a simple framework for ascertaining the effect of GB structure on the electronic properties of polycrystalline graphene. We specifically investigate the properties of periodic arrays of parallel grain boundaries separating grains of various misorientations. We assume that the inelastic mean-free path of the electrons is much longer than any other 125 characteristic dimensions of the model and, therefore, that the electron wave functions are coherent.
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Model
The computational cell used in this work is shown in Fig. 7 . The cell is composed of three regions: the left and right regions are perfect crystals of semi-130 infinite dimension in the x-direction and with periodic boundary conditions in the y-direction. The central region represents a periodic array of GBs separating crystals of two different orientations and has a finite width in the x-direction. The periodicity in the y-direction corresponds to an assumption of periodicity of the GB structure. As already noted, periodicity eliminates edge effects and 135 renders the calculations computationally tractable. The distance L b between two consecutive GBs is taken to be larger than 1.5 nm since GB interactions can be neglected at this distance [17] . The remaining distance L a is chosen such that the lattice mismatch between the left (right) and central regions are negligible (see Fig. 1 ). 
Landauer-Büttiker formalism
We briefly summarize the basis of the Landauer-Büttiker formalism for completeness and ease of reference (cf., e. g., [20, 21] ). The tight-binding Hamiltonian matrix (TBHM) of the model sketched in Fig. 7 can be written in terms of submatrices as: 
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formalism, the empirical TBHM is obtained as
where l and j label atomic sites, α and β label atomic orbitals, and E α and h lα,jβ are the on-site parameters and hopping functions, respectively. For periodic systems such considered here Blochs theorem [31] applies. In k-space, the sizes of the submatrices
respectively, where N c is the number of atoms in the central region.
Following [20] and [21] , the transmission function T across the central region at some energy E can be written as
where Γ L (E, k) and Γ R (E, k) are the coupling [N c × N c ] matrices, i. e., the coupling between the central and the left (right) regions, and G C is the Green matrix of the central region. We recall that the transmission function gives the rate at which electrons are transmitted across the central region and, therefore, across the grain boundaries. For economy of notation, henceforth we drop the k-dependence of the submatrices. The Green matrix of the central region, G C , follows readily as
where E + = E + iη, with η → 0 + , Σ L and Σ R , are the self-energy [N c × N c ] matrices corresponding to the left and right regions, respectively, and describe the effects of these regions on the electronic structure of the central region. We have
where
are the Green functions of the semi-infinite left and right regions, respectively. It can be shown that the self-energy matrices, Σ L (E) and Σ R (E), can be further reduced to
where G 0 L (E) and G 0 R (E) are the surface Green matrices of the left and right regions, respectively. In order to compute these matrices, we follow the recursive method of [24] , [32] and [33] . Finally, the coupling matrices follow as
i. e., are the difference between the retarded and the advanced self-energy matrices. 
Transmission across GBs in graphene 150
Using the computational framework just outlined, we proceed to investigate the transmission of charge carrier, electrons and holes, across periodic GB configurations under equilibrium conditions. In calculations we make two main approximations. Firstly, since three out of four valence electrons are located in the hybrid orbitals on the C atoms and interact with their counterparts on 155 neighboring C atoms to form three σ-bonds that keep the electrons strongly localized within the lattice plane, only the p z orbital is accounted for. Secondly, the fourth valence electron is located in the p z orbital. This orbital is normal to the lattice plane and forms weak π-bonds with neighboring C atoms, which keeps the electron weakly bounded to the nuclei. Consequently, we assume that 160 the p z -electrons alone account for the electronic transport properties to a good approximation.
In calculations we employ the orthogonal TB model of [23] for C-based materials. This potential accounts for lattice strains [34, 35] by scaling the TB hopping integrals as in [36] . The TB model of [23] has been used extensively to com-165 pute the electronic properties of different C-based systems [37, 38, 39, 40] . We carry out the requisite numerical integrations over the Brillouin zone, Eq. (3), as a weighted sum over a grid of 576 k-points, with η = 0.01 for the parameter in Eq. (4). In order to assess convergence, we have carried out calculations using finer grids and smaller values of η. From this calculations, we verify that the 170 numerical integration scheme used in calculations is accurate to 0.2%.
As already noted, the magnitude of the out-of-plane displacements in the neighborhood of GBs is small, of the order of the interatomic distance. Therefore, as a further simplification we restrict attention to flat simulation supercells. A comparison between flat supercell and fully-relaxed calculations, correspond-175 ing to a GB with a misorientation angle of 16.1
• , is shown in Fig. 8 . The figure compares the transmission curves obtained in both cases. As may be seen from the figure, the moderate out-of-plane warping of the lattice in the fully-relaxed does not significantly modify the charge carrier transmission curves, which have M A N U S C R I P T similar structure and display a nearly identical transport gap of 1.15 eV.
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180 Fig. 9 compares the transmission values of the (2,2)|(1,3) GB obtained using DFT and nonequilibrium Green's function method [17] and the present approach by way of verification. Also shown for comparison are the transmission values pristine graphene. In agreement with [17, 15] , the GBs are found to decrease the transmission coefficient over its entire range.
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Our calculations are also in agreement with the analysis [17] , concerned with the transport properties of three isomers of the (3,1)|(2,2) GB having almost identical period length. In this case, the transport gap is found to be influenced to some extent by the GB atomic structure and thus, does not depend exclusively on the periodic length along the grain boundary as proposed 190 by [15] . As already described in Section 2, our calculations also reveal the existence of GB isomers. We find two isomers of the (0,5)|(3,3) GB of markedly different periodic length, 12.234 and 62.807Å, respectively, and three isomers of the (6,0)|(4,3) GB of nearly the same period, 14.635, 14.603 and 14.605Å, respectively. The computed transmission curves for the two isomers of the and 11, respectively. A comparison of these curves clearly indicates that the transport gap depends primarily on the periodic length and is relatively sensitive to the GB structure. In Table 2 we summarize the values of the computed transport gaps for all
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GBs under consideration, together with their periodic length and lattice mismatch. As may be seen from these results, a wide range of transport gaps can be built in in graphene by means of GBs, up to ∼ 1.15 eV for the (1, 3) | (2, 2) GB (θ = 16.1 • ). The emergence of transport gaps indicates that low-energy charge carriers can be blocked within a range of energy when transmitting 205 across GBs. Furthermore, we observe that asymmetric GB configurations result in substantial transport gaps. They also result in localized strains along the grain boundaries due to a small lattice mismatch between the grains, i. e., d A = d B , cf. Section 2. This observation is in accordance with experimental and computational studies by [8] and [9] , which suggest that band gaps in ) [15] 1.11 1.59 with the analysis of [17] . Finally, we observe that the electron-hole symmetry of the transmission curve is broken by the presence of grain boundaries. In addition, the transmission of holes is considerably higher across the grain boundaries than the transmission of electrons. This symmetry breaking has also been ob-220 served in graphene containing topological defects such as Stone-Wales defects or dislocations [19] . Finally, for purposes of validation we have carried out DFT and NEGF calculations using the SIESTA and TRANSIESTA codes [41, 42] . The calculations employ the generalized gradient approximation [43] , along with the double-ξ plus polarization basis set, the non-conserving pseudopotential [44] and a mesh cutoff of 400 R y . The results of these calculations are included as dot lines in Figs. 12 and 13 by way of comparison. The good agreement between the first-principles and TB calculations is evident from this comparison. In general, our results are also in good agreement with previous studies based on DFT and the NEGF formalism [15, 17] , although our calculations predict somewhat lower transport gaps for the GB configurations reported in Table 3 . 
Conclusions
We have evaluated the charge carrier transmission across asymmetric grain boundaries (GB) in graphene lattice within the Landauer-Büttiker formalism 235 [20, 21] . We employ a tight-binding model for C-based materials [23] that accounts for lattice strain introduced by topological defects, such as grain boundaries. In particular, we have investigated the electronic transmission across grain boundaries found to be stable up to high temperatures [26, 27] . Our calculations suggest that GBs generally preserve the semiconductor properties 240 of pristine graphene, but only some specific asymmetric GBs open a moderate transport gap. For asymmetric configurations such as the (1, 3) | (2, 2) GB (θ = 16.1
• ), the resulting transport gap can be as high as ≈ 1.15 eV. We find that the GBs that introduce a transport gap are characterized by the existence of a mismatch along the GB. Indeed, the magnitude of this mismatch (|∆d|/d min ) 245 appears to be the main structural variable that determines the transport gap size, with greater mismatch resulting in larger transport gaps. Finally, we find that the presence of GBs reduces considerably electron transmission, and less so hole transmission. 
